8 by cysteine and Cys-AMP, but not by ATP, Indicates that both synthesis of Cys-tRNA 0^ and cyclization of cysteine to the thiolactone occur in a single active site of the enzyme. The cyclization of cysteine is mechanistically similar to the editing reactions of methlonyl-tRNA synthetase. However, in contrast to methionyl-tRNA synthetase which needs the editing function to reject misactivated homocysteine, cysteinyl-tRNA synthetase Is highly selective and is not faced with a problem In rejecting noncognate amlno acids. Despite this, the present day cysteinyl-tRNA synthetase, like methionyl-tRNA synthetase, still retains an editing activity toward the cognate product, the charged tRNA. This function may be a remnant of a chemistry used by an ancestral cysteinyl-tRNA synthetase.
INTRODUCTION
All living cells must conduct protein synthesis with a high degree of accuracy maintained in the transmission and flow of information from gene to finished protein product. One crucial 'quality control' point in maintaining a high level of accuracy is the selectivity by which aminoacyl-tRNA synthetases furnish correctly activated amino acids, attached to tRNA species, as the building blocks for growing protein chains. In many cases, the intrinsic binding energies of amino acids to aminoacyl-tRNA synthetases are inadequate to give the required accuracy of translation. This has necessitated the evolution of a second determinant of specificity, proofreading or editing mechanisms that involve the expenditure of energy to remove errors in amino acid selection (reviewed in refs. 1-3).
Editing mechanism of methionyl-tRNA synthetase is directed against the non protein amino acid homocysteine, a metabolic precursor of methionine. Homocysteine is misactivated by methionyl-tRNA synthetase at unacceptably high level (4-6) but then cyclized to homocysteine thiolactone (7) to prevent transfer to tRNA
Met both in vitro (5, 7) and in vivo (8) (9) (10) . Because of limited selectivity of the editing site of methionyl-tRNA synthetase, some of the cognate substrate methionine is also cyclized to a corresponding thiolactone, S-methyl homocysteine thiolactone (11) . Editing of the cognate amino acid is minimized in vivo so that only 0.03% of activated methionine is cyclized by methionyl-tRNA synthetase in bacterial cells (12) .
An important question which needs to be answered is whether cyclization of an activated amino acid is a general editing mechanism. So far the cyclization has been established as an editing mechanism for methionyl-tRNA synthetase. The cyclization reaction has two important features. First, it utilizes a nucleophilic function of the side chain of an amino acid to accomplish chemistry of editing. Second, cyclization, in which both a side chain and a carboxyl group of an amino acid are involved in a chemical reaction, assures that an incorrect amino acid is not simply regenerated but destroyed. This prevents the edited amino acid from re-entering the active site of an aminoacyltRNA synthetase and eliminates futile recycling of an incorrect amino acid between synthetic and editing pathways, thereby minimizing dissipation of energy. An editing reaction regenerating intact amino acid would be more costly energetically because an incorrect amino acid will be recycled through synthetic and editing pathways at the expense of ATP. An amino acid that is cyclized during editing passes through synthetic and editing pathways only once. Like methionyl-tRNA synthetase, other aminoacyl-tRNA synthetases could have evolved to employ the reactivity of the side chain of an amino acid to accomplish editing. In addition to homocysteine and methionine, majority of other cellular amino acids have nucleophilic functions on their side chains that would be capable of reacting with their activated carboxyl carbon.
To determine if cyclization is a general editing mechanism, we have systematically analyzed products of reactions of aminoacyl-tRNA synthetases with amino acids. As shown in this paper, cysteinyl-tRNA synthetase catalyzes cyclization of cysteine to a thioester, cysteine thiolactone. The mechanism of cysteine thiolactone formation involves enzymatic deacylation of CystRNA c y s by cysteinyl-tRNA synthetase, a reaction media-rustically similar to cyclization of methionine by methionyl-tRNA synthetase. Thus, cysteinyl-tRNA synthetase possesses an editing activity toward the cognate product Cys-tRNA.
MATERIALS AND METHODS
Cysteinyl-tRNA synthetase Plasmid pCysS2 (13) containing the cysteinyl-tRNA synthetase gene cloned into pUC18 was obtained from Gilbert Eriani. E.coli strain JM101 harboring the plasmid pCys2 was used as a source of cysteinyl-tRNA synthetase. Cells (1.6 g) harvested from a 300 ml overnight culture grown in LB medium containing 50 /tg/ml ampicillin were disrupted by sonication in 2x5 ml 10 mM potassium phosphate buffer, pH 6.8, containing 1 mM 2-mercaptoethanol and 10% glycerol (buffer A). Nucleic acids were precipitated from the crude extract (10 ml) with 3 ml 6% streptomycin sulfate and discarded. Protein was precipitated with ammonium sulfate (75% saturation), collected by centrifugation, dissolved in 3 ml of buffer A, and loaded onto 2.5x70 cm Sephacryl S-200 (Pharmacia) gel filtration column equilibrated with buffer A. The enzyme co-eluted with a third major protein peak. Fractions containing the highest cysteinyl-tRNA synthetase activity (27 ml) were further purified on a 1.5 X5 cm Mono Q (Pharmacia) column with a gradient from 0-0.4 M KC1 in buffer A. The enzyme activity eluted as a single peak corresponding to a major protein peak at 0.2 M KC1. Cysteinyl-tRNA synthetase was concentrated for storage in 20 mM Tris-HCl, pH 8.0, 1 mM dithiotreitol, 50% glycerol. The enzyme was >95% pure as judged by SDS-polyacrylamide gel electrophoresis. The concentration of the cysteinyl-tRNA synthetase was calculated from A 2 go using a mol wt of 59000 and a value of 2 cm~'mg"' (14) . Active site titration established that at least 93% of the protein was functional. Measurements of rates of tRNA^5 aminoacylation at pH 8.0, 37°C as a function of [ S]cysteine 0.5 mCi/ml (1 Ci = 37 GBq) (Amersham), and 2.5 /tM cysteinyltRNA synthetase. After 5 min at 37°C the charged tRNA was purified by phenol extraction and recovered by precipitation with ethanol. Phenol extraction was necessary to remove cysteinyltRNA synthetase which was not denatured by ethanol precipitation.
Enzymatic deacylation of [ 3S S] Cys-tRNA
The reactions were carried out in 50 mM HEPES, pH 8.0, 10 mM MgCl 2 , 0.1 mM EDTA, 10 mM 2-mercaptoethanol at 37°C. In one set of experiments the disappearance of radiolabeled Cys-tRNA was monitored by trichloroacetic acid precipitation. In another set of experiments in which all forms of radioactive cysteine were followed, the aliquots were quenched with 1 M formic acid at 0°C and analyzed by TLC.
TLC analysis
The TLC system (cellulose plates from Sigma developed with butanol:acetic acid:water, 4:1:1, v/v) is the same as the one used before for determination of aminoacyl adenylates (15) and homocysteine thiolactone (7 (Fig. 3) . A double spot of Spot X yielded a double spot of cysteine upon similar treatments (Fig. 2) . Another batch of TLC plates obtained after completion of these experiments did not produce double spots.
RESULTS
A cysteine-derived compound is formed during aminoacylation of tRNA cR eaction mixtures containing [ 35 S]cysteine, ATP, tRNA^, and cysteinyl-tRNA synthetase were incubated at 37°C. Products of the reactions were separated by TLC. An autoradiogram exposed from these chromatograms is presented in Fig. 1 . In addition to the spot of ["SJCys-tRNA^5 at the origin of the TLC plate (lanes 3,7, and 11 in Fig. 1 ), other major new spots appeared on the autoradiogram exposed from the TLC separation of the complete reaction mixture after 20 min incubation and were still present after 60 min incubation (lanes 7 and 11). Almost all cysteine was either charged to tRNA or converted into these new spots after 20 min flane 7). Two major new spots (marked as Spot X in Fig. 1 ) were not present on autoradiograms exposed from TLC separations of control reaction mixtures from which either enzyme (lanes 4, 8, and 12), ATP (lanes 1, 5, and 9) or tRNA (lanes 2,6, and 10) were omitted. A spot migrating above Spot X was formed nonenzymatically from commercial preparations of [ As also shown in Fig. 1 , Spot X is sensitive to hydrolysis by NaOH (lane 13), rabbit esterase (lane 14) but resistant to treatment with HC1 (lane 15). As has been indicated in the Materials and Methods and is further documented in the following sections, the double spot marked as Spot X in Figs. 1 -3 was produced by a single compound which has been identified as cysteine thiolactone. Cysteine also migrated as a double spot on a batch of TLC plates used in these experiments.
Identification of spot X as cysteine thiolactone
To establish its identity, Spot X was purified from aminoacylation mixtures by preparative TLC and subjected to several chemical and enzymatic tests. Treatment of Spot X with NaOH (Fig. 2 , lane 3) but not with 0.1 M HC1 (Fig. 2, lane 4) converted it into a product that co-migrated with authentic cysteine. Enzymatic hydrolysis with rabbit esterase also converted Spot X into a product that co-migrated with authentic cysteine (Fig. 2, lane  2) . Half-life of spontaneous hydrolysis of Spot X at pH 8, 37°C was 9 min, about one order of magnitude less than the half-life of homocysteine thiolactone (not shown).
Upon enzymatic or nonenzymatic hydrolysis, Spot X was converted into a product that co-migrated with authentic cysteine on TLC plates. To further determine whether this product is cysteine, Spot X was hydrolyzed with NaOH, neutralized with HC1, and the product was tested for the ability to be charged to tRNA c y s . As shown in Fig. 2 (lane 7) , the product of hydrolysis of Spot X was charged to tRNA 0 ?
8 by cysteinyltRNA synthetase. This proves that the product of hydrolysis of Spot X is cysteine. Spot X itself did not aminocylate tRNA c >" Qane 5). The small amount of Cys-tRNA 0^ that apparently was formed from Spot X was due to partial hydrolysis of Spot X in aminoacylation mixtures.
Spot X has also been subjected to tests for the sulfhydryl group. Under conditions which led to modification of the SH group of cysteine, spot X did not react with iodoacetate (16) , Nethylmaleimide (17), or p-hydroxymercuribenzoate (17) (not shown). Authentic homocysteine thiolactone also was refractory to sulfhydryl group reagents in similar tests. Thus, Spot X, like homocysteine thiolactone, does not have a free SH group. Consistent with the absence of a sulfhydryl group in Spot X is its stability during storage. After 82 days of storage in water at -70°C, 65% the radioactivity present in preparations of Spot X migrated in the same position as freshly prepared Spot X. Based on these properties, the compound of spot X is concluded to be cysteine thiolactone.
Spot X is a product of enzymatic deacylation of Cys-tRNA 0 ** As shown in Fig. 3 , incubation of [
35 S]Cys-tRNA c^ with cysteinyl-tRNA synthetase has led to formation of a major double spot (lanes 3, 6, and 9 in Fig. 3 ) corresponding to Spot X formed in complete aminoacylation mixtures (lanes 3,7, and 11 in Fig.  1 ). This product exhibited properties of Spot X: treatments with NaOH (lanes 10) and rabbit esterase (lane 11), but not with HC1 (lane 12), converted it to cysteine. Thus, Spot X, identified as cysteine thiolactone, was formed in aminoacylation mixtures as a result of enzymatic deacylation of [ 4 illustrates typical time courses of the reaction. It is unclear why the reaction stopped after about 80% of the substrate was consumed and did not go to the completion (Fig. 4) . Similar incomplete kinetics of enzymatic deacylation of Cys-tRNA Cys (14) and Ile-tRNA Phc (18) have been observed by others. The kinetics were first order until reactions were about 70% completed. Rate constants calculated from half-lives of enzymatic deacylation of Cys-tRNA 0^ at pH 7.4 and pH 8.0 in the presence and absence of various tested compounds are summarized in Table 1 (Table 1) . Slightly greater inhibition, 99%, was observed in the presence of Cys-AMP, formed in situ. ATP did not affect the reaction (Fig. 4 and Table 1 ). Control experiments showed that the inhibition was specific for Lcysteine. Noncognate amino acids (homocysteine, methionine, serine, and D-cysteine were tested) did not inhibit enzymatic deacylation of Cys-tRNA ( Table 1 ), indicating that these amino acids did not bind to the active site of the enzyme. These results suggest that enzymatic deacylation of Cys-tRNA 0^ occurs in a single active site that also carries out the synthesis of Cys-AMP and Cys-tRNA c y\
Increasing concentration of cysteinyl-tRNA synthetase from 2 /tM (Fig. 4) Fig. 4 ). according to k^, = ln2/t 1/2 . the reaction is due to another enzyme that might be present as a contamination in cysteinyl-tRNA synthetase preparation.
ATP pyrophosphatase activity of cysteinyl-tRNA synthetase
The ATP pyrophosphatase reaction measures the total consumption of ATP as an amino acid is first activated in the synthetic reaction and the product (an enzyme-bound aminoacyl adenylate and/or aminoacyl-tRNA) is then destroyed in the editing reaction that yields AMP. Here, the ATP pyrophosphatase activity of the enzyme (1 yM) has been measured in the presence of 1 /iM tRNA 0^, 0.2 mM [ 3 H]ATP, 1 unit/ml inorganic pyrophosphatase, and 25 mM amino acid. Out of 9 amino acids tested (Cys, homocysteine, Ser, homoserine, Thr, Asp, Met, Val, a-aminobutyrate) only Cys gave significant ATP pyrophosphatase activity. No ATP pyrophosphatase has been detected in the presence of Ala, the only amino acid tested before (14) . In the presence of cysteine, ATP was hydrolyzed at 0.023 (at pH 8.0) or 0.007 (at pH 7.4) mol per mol of enzyme per s. These walues are in good agreement with Ic^ values for enzymatic deacylation of Cys-tRNA c y s , indicating that most of ATP hydrolysis is due to recharging of deacylated tRNA 0^. The ATP pyrophosphatase activity in the presence of the other amino acids was 10 times or more lower, which was not significantly different from the controls without an amino acid. The lack of ATP pyrophosphatase activity in the presence of noncognate amino acids is due to their inability to bind to the active site of the enzyme as demonstrated previously for Ala, Ser, and a-aminobutyrate (14) and here for homocysteine, Met, and Ser (Table 1) 
tRNA SH
I
The conclusion that a product (Spot X) of enzymatic deacylation of Cys-tRNA 0 * 5 by cysteinyl-tRNA synthetase is cysteine thiolactone is supported by chemical and enzymatic tests. For example, Spot X was converted to cysteine chemically by treatment with NaOH or enzymatically by treatment with rabbit esterase. The product of hydrolysis of spot X has also been shown to be esterified into tRNA 0 * 5 in the presence of ATP and cysteinyl-tRNA synthetase. Spot X itself did not appear to esterify tRNA 0 * 5 under standard aminoacylation conditions. Finally, Spot X has been found to be refractive to several sulfhydryl group reagents, a property expected of cysteine thiolactone.
Enzymatic deacylation of Cys-tRNA 0 * 5 (k^, = 0.017 s~') is about 200-times slower than tRNA 0 * 5 aminoacylation with cysteine catalyzed by cysteinyl-tRNA synthetase (k^, = 3.2 s" 1 ) (this work). Similar ratios of deacylating and synthetic activities involving cognate substrates have been observed with other tRNAs and synthetases (10, 18, 19) . Because of a relative slowness of enzymatic deacylation, in each case other explanations for the origin of the observed deacyaltion of aminoacyl-tRNA, in particular a possibility of a contaminating enzyme, must be ruled out. In the case of cysteinyl-tRNA synthetase described in this work, the possibility that enzymatic deacylation of Cys-tRNA affording cysteine thiolactone is catalyzed by a contaminating enzyme is unlikely. First, cysteinyl-tRNA synthetase used in these experiments was at least 95% pure as judged by SDS polyacrylamide gel electrophoresis. Maximum concentration of any single contaminating protein in cysteinyl-tRNA synthetase preparation can be estimeted to be at most 1 %. Second, the rate of enzymatic deacylation of Cys-tRNA was independent of the enzyme concentration when [enzyme] > [Cys-tRNA], which excludes that a contaminating enzyme is responsible for the reaction.
The enzymatic deacylation of Cys-tRNA Nucleic Acids Research, 1994 , Vol. 22, No. 7 1159 The presence of the cyclization function also in cysteinyl-tRNA synthetase further supports close evolutionary relatedness between cysteinyl-and methionyl-tRNA synthetases (13, 21, 22) . Moreover, cysteinyl-tRNA synthetase (this work), like methionyltRNA synthetase (11, 23) , carries out the synthetic and deacylating functions in one active site. With both enzymes, enzymatic deacylation of charged tRNA and formation of respective cyclized amino acids is inhibited by a cognate amino acid. It is therefore concluded that cyclization of cysteine to cysteine thiolactone is a manifestation of the editing function of cysteinyl-tRNA synthetase.
Cyclization of methionine to S-methyl homocysteine thiolactone by methionyl-tRNA synthetase occurs as a result of the limited ability of the enzyme to discriminate against the cognate methionine at the editing site designed for the noncognate homocysteine. The discovery of a similar ability of cysteinyltRNA synthetase to cyclize cysteine to cysteine thiolactone suggests that this enzyme also has an editing function. However, the editing function of cysteinyl-tRNA synthetase is directed only against its cognate product Cys-tRNA°* s and there is no known noncognate amino acid that would need to be edited by the enzyme. As originally demonstrated by others (14) and confirmed here, any noncognate amino acid that might compete with cysteine for the active site of cysteinyl-tRNA synthetase is effectively excluded from binding to the active site and therefore there is no need for its editing. For example, serine, a-aminobutyrate, and alanine are activated by the enzyme 10 6 -10 8 times less efficiently than cysteine (14) . The inability of homocysteine, methionine, and serine to inhibit enzymatic deacylation of CystRNA Table 1) indicates that these amino acids are also excluded from binding to the active site of cysteinyl-tRNA synthetase.
It is not clear, why, in the absence of a need to edit noncognate amino acids, the editing function is preserved in the present day cysteinyl-tRNA synthetase. A possible reason may come from the consideration of the energy costs of editing and evolution. It has been demonstrated that most of the energy costs of editing in vivo are associated with the destruction of an incorrect product. Only about 3 % of total energy expended on editing is due to the destruction of a correct product in bacterial cells (12) . Thus, one can expect that there will be a much greater evolutionary pressure on minimizing editing of a noncognate product (major energyconsuming process) than on editing of a cognate product (minor energy-consuming process). Early in biotic evolution when selection of amino acids by synthetases may have been less accurate than today, an ancestral cysteinyl-tRNA synthetase may have utilized the editing function to correct errors in amino acid selection. Because energy costs associated with proofreading can be substantial, the principle of parsimony would require that editing be minimized and intrinsic binding energy optimized to provide adequate selectivity. Thus, as the active site of cysteinyltRNA synthetase evolved to ultimately prevent any significant misactivation in the first place, and therefore minimize the need to dissipate energy on editing, the editing function became superfluous, but apparently not harmful. As a result, the present day cysteinyl-tRNA synthetase relies exclusively on intrinsic binding energies to assure adequate accuracy of protein synthesis (14) .
Another possible explanation for the ability to cyclize cysteine by the present day cysteinyl-tRNA synthetase is suggested by the chemistry of the thioester bond. The thioester bond is a high energy bond and thiolactones, including cysteine thiolactone, are expected to acylate any nucleophilic group. Thus, cysteine thiolactone may have been a source of activated cysteine for protein synthesis in early biotic systems. Although we were not able to accomplish this, the deacylation of Cys-tRNA to cysteine thiolactone should in principle be reversible and allow synthesis of Cys-tRNA from cysteine thiolactone under appropriate conditions. Homocysteine thiolactone forms spontaneously from homocysteine at acidic pH. The equilibrium of formation of cysteine thiolactone from cysteine is expected to be shifted towards cysteine because of the unfavorable strain induced in the four member ring of the thiolactone. The formation of cysteine thiolactone may be enhanced by its removal from the solution, for example by binding to a solid surface. Thus, a source of activated amino acids may have existed in early prebiotic conditions. S-Methyl homocysteine thiolactone, which can possibly be formed by methylation of homocysteine thiolactone, may have provided a source of activated methionine.
